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 
Abstract—This paper presents an amorphous alloy magnetic bus-
based neutral point clamped (NPC) converter for grid-connected 
renewable generation systems. In the proposed system, the 
amorphous alloy high-frequency high-power density multi-
winding magnetic bus generates balanced dc supplies for the five-
level 5L-NPC converter for high-quality power conversion.  
Compared to the traditional NPC converter topologies, the 
proposed magnetic bus-based architecture does not require any 
control circuit for voltage balancing of the series connected 
capacitors. The magnetic bus inherently overcomes galvanic 
isolation issues and may reduce the size of the boosting inductor. 
In this paper, a finite control set model predictive control (FCS-
MPC) algorithm is derived to control the grid-connected 5L-NPC 
inverter for multilevel voltage synthesizing, while realizing the 
user-defined active and reactive power values. To verify the 
proposed concept, a simulation model is developed and analyzed 
in MATLAB/Simulink environment. To validate the technology a 
scale down prototype test platform is developed in the laboratory 
with silicon carbide switching devices which realize high blocking 
voltage, low power dissipation, high switching frequency and 
high-temperature operation. Based on the simulation and the 
experimental results, it is expected that the proposed converter 
will have a great potential for widespread application in 
renewable generation systems including superconducting 
generator-based wind turbines. 
 
Index Terms—Amorphous alloy, magnetic bus, neutral point 
clamped (NPC) converter, capacitor voltage balancing, control, 
silicon carbide switching devices, superconducting wind 
generator.  
I. INTRODUCTION 
N order to reduce the size and weight of the wind turbine 
nacelle, the high temperature superconducting (HTS) cable 
based generator has been gaining significant interest in recent 
years [1]–[7]. The weight and volume of superconducting 
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generator based wind turbine can be reduced further by 
eliminating the heavy and bulky step-up transformer from the 
nacelle [8]. In recent years, multilevel converters (MCs) have 
received significant interest to fulfill this objective [9], [10]. 
In renewable energy generation systems, a conventional 
power conditioning circuit includes two stages: a dc–dc boost 
converter and a dc–ac inverter [11], [12]. The dc–ac inverter is 
usually a two-level full-bridge inverter. Compared to the 
conventional two-level inverters, MCs  such as neutral point 
clamped (NPC) converters present more advantages, including 
the better quality of output power, and higher voltage-handling 
capability using lower rated switching devices [13]–[15]. In 
recent years, the single-phase NPC inverters have gained 
significant popularity for their many emerging applications, 
such as energy storage systems (ESSs), active power filters 
(APFs), vehicle-to-grid (V2G), grid-to-vehicle (G2V), 
uninterruptible power supplies (UPSs), and renewable energy 
conversion systems (RECSs). NPC converter topology 
consists of a single dc-link in parallel with a series of 
capacitors [16]. It is required to maintain balanced voltages in 
the series connected capacitors to generate distortion-less 
output at the ac side of the NPC inverter. Thus, it is essential 
to control not only the grid-current variables but also the 
capacitor voltages of the traditional NPC converters [17], [18]. 
To accomplish these objectives, a complex control strategy is 
required.  
In order to overcome capacitor voltage unbalancing 
problem, an advanced magnetic material-based high-
frequency magnetic bus is proposed in this paper. The novelty 
of this approach is the application of magnetic bus to generate 
the balanced dc supplies for NPC converter. Contrary to the 
conventional system, the magnetic bus-based design does not 
require any control method for voltage balancing of the series 
connected capacitors of the NPC converter. Moreover, the 
magnetic bus provides the required galvanic isolation and 
reduces the size of the boosting inductor due to its voltage 
step-up capability. 
The focuses of this paper are the design, implementation, 
and evaluation of a magnetic bus-based NPC converter and 
associated control system for grid-connected renewable 
generation systems. In this paper, a finite control set model 
predictive control (FCS-MPC) is employed as the inner 
current tracking controller, and the outer control loop 
generates the active and reactive power references for the 
inner FCS-MPC based current tracking controller, while 
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achieving the desired active and reactive power references. To 
validate the proposed technology, a scale down prototype test 
platform is developed in the laboratory with silicon carbide 
(SiC) semiconductor devices which realize high blocking 
voltage, low power dissipation, high switching frequency and 
high-temperature operation. 
The rest of this paper is organized in the following manner. 
Section II describes the single-phase grid-connected predictive 
model of the five-level neutral point clamped (5L-NPC) 
converter. The FCS-MPC based control technique is described 
in Section III. Section IV described the amorphous alloy based 
magnetic bus. Section V presents the simulation results of the 
5L-NPC converter while connected to the grid. Section VI 
presents the experimental results with the scale down 
prototype. Finally, concluding remarks are presented in 
Section VII.       
II. MATHEMATICAL MODEL AND DESIGN OF CONTROLLER 
This section focuses on the control of a single-phase grid-
connected 5L-NPC converter which is connected to the utility 
grid. The dc-side is connected to a renewable energy source by 
means of a cascaded connection of a full-bridge inverter, a 
magnetic bus, and full-bridge rectifiers. As a study case, a 5L-
NPC inverter topology is considered in this paper. However, 
five-level full-bridge neutral point clamped inverter (5L-
FBNPC), and five-level active neutral point clamped (5L-
ANPC) can also be considered. The circuit structure of the 
employed 5L-NPC converter topology is shown in Fig. 1 [13]. 
Based on the internal structure of the converter topology, the 
circuit should be controlled to generate five voltage levels in 
the grid-side terminals to realize the requirements for low total 





























Fig. 1. Topology of the 5L-NPC inverter. 
 
In the proposed power conditioning system, a magnetic bus 
consisting of winding one as the primary and windings two 
and three as the secondary are used to generate two isolated 
and balanced dc supplies by means of two full-bridge 
rectifiers. These two balanced dc supplies are connected in 
series in cumulative form to connect the 5L-NPC converter. 
The mathematical model of the 5L-NPC converter for the dc‒
ac power conversion stage is presented in the following 
subsection.  
A. Predictive Model of the 5L-NPC Converter 
Based on the circuit configuration, the converter should be 
controlled to generate five voltage levels at the ac-side. The 
following assumptions are made: a) neglecting conduction 
losses and switching losses, b) capacitances 𝐶1and 𝐶2 have 
equal values (𝐶1 = 𝐶2 = 2𝐶), and 𝐿1 = 𝐿2, (𝐿 = 𝐿1 + 𝐿2). 
The continuous-time dynamic model of the employed 
converter can be expressed via the following equations:   
 
       grLgrLLc vvvvvvvtv  21)(               (1)  
                                gc iii                                         (2) 
where 𝑣𝑐(𝑡) = 𝜓(𝑡)𝑣𝑑𝑐, 𝑣𝑔 is the grid voltage, 𝑣𝐿 is the 
voltage across the filter inductors, 𝑣𝑟  is the voltage across the 
equivalent series resistance of the filter inductors, 𝑣𝑐 
represents the converter voltage, 𝑖𝑔  denotes the grid current, 
𝑖𝑐  denotes the grid-side capacitor current, and 𝜓 is the control 
input which takes the values in the finite set from Table I. 
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where L denotes the grid side filter inductance, and r denotes 
the equivalent series resistance of the grid-side inductor L. By 
using the Euler method with a sampling period 𝑇𝑆, (3) can be 
expressed as: 
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where k is discretized t.   
 
TABLE I 
POSSIBLE STATES OF THE 5L-NPC CONVERTER 




 0 1 0 0 0 1 1 +vDC 
1 1 0 0 0 1 2 +2vDC 




 0 0 1 0 1 0 -1 -vDC 
0 0 1 1 1 0 -1/2 -2vDC 
1 1 0 0 1 0 0 0 
 
By using mathematical simplifications, (4) can be rewritten 
in terms of the predicted grid current, 
1k




































































          (5)                                                  
where 
1k
gv  can be obtained as [19]: 
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The 5L-NPC converter topology consists of a single dc-link 
in parallel with the series connected capacitors. In a 




additional control technique is required to balance the 
capacitor voltages. The dynamic equations for the series 
connected capacitor voltages can be expressed as follows:   








C                          (7) 








C                       (8) 
where 𝑖𝐶1  and 𝑖𝐶2  denote the currents through the capacitors 
𝐶1and 𝐶2 respectively, 𝑖𝐻1  and 𝑖𝐻2  denote the internal currents 
of the inverter, and 𝑖𝑑𝑐 presents the dc-bus current. Based on 
the model predictive control requirements, the existing values 
of 𝑖𝑔, 𝑣𝑔, 𝑣𝐶1 , and 𝑣𝐶2are essential to predict the future 
behavior of the grid current 𝑖𝑔. The predictive values of the 
capacitor voltages of the inverter can be expressed as follows:     
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Thus, to predict the future behaviour of the grid-current, (5) 
will be used by the proposed controller. Moreover, in a 
conventional NPC converter, the predicted values of the 
capacitor voltages are usually calculated by using (9) and (10).      
B. d-q Mathematical Model 
The grid voltage 𝑣𝑔, the inductor current i, and the inverter 
voltage 𝑣𝑐   are defined as follows: 
 
                      )cos()sin( tvtvv qdg                      (11) 
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where 𝑣𝑑, 𝑖𝑑 and 𝑣𝑐𝑑  are the d-axis components, and 𝑣𝑞 , 𝑖𝑞  and 
𝑣𝑐𝑞  are the q-axis components of the grid voltage vg, the 
inductor current i, and the inverter voltage vectors 𝑣𝑐, 
respectively.  
The inductor current i and grid voltage 𝑣𝑔 can be 
decomposed in their d and q parts at the grid frequency. Thus, 
system (1) will become:  
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In a single-phase system, a virtual two-phase system is 
usually generated to calculate the instantaneous active and 
reactive power. The second-order generalized integrator 
(SOGI) is a widely employed method to generate the 
orthogonal signal of the single-phase voltage and current 
signals. The transfer functions of SOGI in s-domain are given 
as follows:   
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where k represents the damping factor.  
The performance of SOGI is related to the tunning of 
parameter k. Applying (16) and (17) to the grid voltage 𝑣𝑔 and 
the current 𝑖𝑔, the orthogonal component of the voltage 𝑣𝑔 and 
current 𝑖𝑔 can be presented as follows:  
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According to the instantaneous power theory, the active 
power 𝑝𝑘and the reactive power 𝑞𝑘of single-phase system are 
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where 𝑣𝑔−𝑑, 𝑣𝑔−𝑞, 𝑖𝑔−𝑑, and  𝑖𝑔−𝑞 are the d-axis and q-axis 
components of the grid voltage and the line current in the dq 
rotating frame, respectively.  
The grid voltage is oriented to d-axis in synchronous 
reference frame. Thus, the grid-side instantaneous active 
power 𝑝𝑘  and reactive power 𝑞𝑘 are given by [20]:    
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To calculate the reference grid current, the quantities in 
rotating reference frame in (23) and (24) are used. Therefore, 
the expression for reference grid current is given by:  
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The quantities 𝑠𝑖𝑛(𝜃) and 𝑐𝑜𝑠(𝜃) in (25) can be obtained 
by using phase locked-loop (PLL). In this paper, a dc offset 
rejection capability based PLL [21] is used to calculate the 
grid voltage information. Fig. 2 shows the block diagram of 
the dc-offset rejection based SOGI-PLL. 
 k
































Fig. 2. The dc-offset rejection based SOGI-PLL. 
 
Finally, using (23) and (24), the grid-current references can be 
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III. PROPOSED FCS-MPC FOR 5L-NPC CONVERTER 
This section presents the demonstration of the proposed 
control system of the magnetic bus-based 5L-NPC converter. 
The proposed high-frequency magnetic bus-based power 
conversion systems and the block diagram of the proposed 




















































































Fig. 3. (a) Proposed high-frequency magnetic bus-based power conversion 
system, and (b) block diagram of the 5L-NPC converter control system. 
 
The control objectives regarding the magnetic bus-based 
single-phase 5L-NPC grid-connected converter are to achieve 
the desired active and reactive power while generating five 
distinct voltage level in the ac-side. In the proposed control 
system, the d-axis component (𝑖𝑑
∗ ) of the current i is computed 
dynamically to maintain the desired active power reference. 
Similarly, the instantaneous reactive power is calculated by 
the q-axis component (𝑖𝑞
∗) of the current i. Therefore, the 
inverter currents (d-axis component (𝑖𝑑) and q-axis 
component (𝑖𝑞)) must follow the dynamically calculated 
references 𝑖𝑑
∗  and 𝑖𝑞
∗  to achieve the required control objectives. 
For the adopted multilevel inverter, the model predictive 
control with FCS-MPC is used to define the state of the 
converter in each sampling period. The FCS-MPC offers 
several advantages, including the possibility to realize 
multiple control objectives, handling system constraints and 
the option to include nonlinearities.     
A. FCS-MPC for the 5L-NPC Converter  
The FCS-MPC algorithm has been derived for current 
control in the 5L-NPC grid-connected converter drives. The 
aim of the control system is to track the dynamically 
calculated grid current reference (𝑖𝑔
∗), while realizing the 
desired active and reactive power references. The reference 
grid current 𝑖𝑔
∗  is calculated from the desired active power 
reference (Pref) obtained from active power controller and the 
required reactive power (Qref) values. To realize these 
objectives, the FCS-MPC scheme operates in discrete time and 
uses the discrete model of the adopted inverter topology. The 
measured system states are used for the state predictions of the 
control variables for the adopted multilevel inverter model. 
The state predictions are then evaluated for each of the 
possible switching states to provide the best performance. It is 
based on an optimization criterion and uses a cost function 
which is explained in the following section. Among these 
switching states, the one which minimizes the cost function is 
applied to drive the inverter.  
B. Cost Function Formulation  
In a conventional NPC converter based renewable energy 
conversion system, it is required to maintain balanced voltage 
across the series connected capacitors of the NPC inverter for 
multilevel voltage synthesizing. Therefore, the predicted 
capacitor voltages are also included in the cost function 
formulation. The predicted values of the current reference and 
capacitor voltages at the instant (k+1) are calculated at each 
sampling instant by using (5), (9), and (10) for each of the 
possible switching states. The cost function is usually defined 
to control the NPC inverter is given as follows:  
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The trade-off between the capacitor voltage balancing and 
the grid-current waveform quality can be achieved by 
adjusting the weighting factors ki and kv in (27).  A large value 
of kv will take sides in the capacitor voltage balancing by 
paying the penalty of low THD of the line current, i.e., the 
quality of the line current highly depends on the voltage 
balancing of the series capacitors. Furthermore, the weighting 
factor must be modified dynamically for different operating 
point of the inverter, which increases the control complexity. 
Moreover, two additional current sensors are also required to 
sense the internal currents 𝑖𝐻1  and 𝑖𝐻2 of the inverter, which 
increases the design cost. Contrary to the conventional energy 
conversion system, the proposed magnetic bus-based power 
converter inherently overcomes the capacitor voltage 
balancing issues. Only the grid-current variable can be taken 
into account in the cost function formulation to generate 
multilevel voltage output for the NPC inverter. The proposed 
cost function for the adopted 5L-NPC inverter is given as 
follows: 
 








gconv iig                              (28) 
Thus, the weighting factor selection and tuning process are 
not necessary for different operating conditions. 
IV. AMORPHOUS ALLOY MAGNETIC-BUS 




magnetic materials and suitable for the development of high-
power density core of the high-frequency transformers or 
magnetic bus due to their excellent electromagnetic properties 
such as high saturation induction, permeability and electrical 
resistivity, and low specific core loss and coercive force 
compared with traditional magnetic materials, e.g. ferrite, 
silicon steel and permalloy. Amorphous ribbons with a 
thickness between 15 to 35 µm and a width between 2.5 to 
213 mm are produced from molten metal alloy through a rapid 
solidification process at a cooling rate of approximately one 
million oC/s. Metglas, Conway, SC, USA is a world leading 
producer of amorphous ribbon and is a subsidiary of Hitachi 
Metals America, Ltd. High-frequency transformer or magnetic 
bus usually operates under non-sinusoidal, say, square-wave 
excitations. Metglas commercially develops amorphous ribbon 
2605SA1 with saturation induction of 1.56 T and specific core 
loss of 70 W/kg at 10 kHz square-wave excitation of 0.5 T. 
Fig. 4 shows the core loss of amorphous alloy 2605SA1 under 
square-wave excitations. Both Metglas alloys 2605SA1 and 
2605S3A have received significant interests in recent years, 
but 2605SA1 shows comparatively better performance 
especially in high-frequency applications. Fig. 5 shows the 
comparison of B-H characteristics of amorphous alloy 









































































Fig. 5.  Comparison of B-H characteristics of amorphous alloy 2605SA1 and 
2605S3A under square-wave excitations. 
 
Vendors provide core loss data under sinusoidal excitation 
which can be used to design the line frequency transformer but 
not useful in applications as the core loss significantly 
increases with non-sinusoidal excitation. 
V. SIMULATION RESULTS AND DISCUSSION 
This section presents the simulation results obtained from 
the proposed magnetic bus-based NPC converter system using 
the proposed FCS-MPC scheme. The detailed simulation 
studies have been conducted using MATLAB/Simulink 
environment. Fig. 6 shows the converter output voltage vc and 
the grid current ig. Fig. 7 shows the frequency spectrum of the 
simulated line current of the proposed converter. 
 
 
Fig. 6.  Simulated output of the proposed magnetic-link based converter: (a) 
line current, and (b) voltage. 
 
 
Fig. 7.  Frequency spectrum of the simulated line current of the proposed 
converter.  
 
As it can be seen that five distinct voltage levels i.e., +VDC, 
+VDC/2, 0, -VDC/2, -VDC are generated at the output of the 
inverter. Fig. 8 shows the voltage waveforms across the series 
capacitors of the proposed magnetic bus-based converter 
without using any additional controller to balance capacitor 
voltages. It can be seen clearly that each capacitor voltage is 
maintained at Vdc/2, and consequently, five distinct voltage 
levels are observed in the ac-side. The performance of the 
proposed converter is also compared with that of the 
traditional NPC converter. Fig. 9 shows the results associated 
with the conventional NPC converter without using capacitor 




voltage waveform of the inverter (vc) and series connected 
capacitor voltages (𝑉𝐶1, 𝑉𝐶2) are distorted, and consequently, 
this increases the THD of the grid current.   
 
Fig. 8.  Simulated output of the proposed magnetic bus-based converter: (a) 
series connected capacitor voltages (𝑉𝐶1, 𝑉𝐶2), and (b) internal current 
waveforms (IH1, IN).  
 
 
Fig. 9. Simulated output of the conventional NPC converter: (a) line current, 
(b) output voltage and (c) series connected capacitor voltage waveforms.  
 
To evaluate the performance of dynamic active and reactive 
power tracking of the derived control system, a step variation 
in the reference active power reference is introduced from 
1000 to 1500 W at 0.3 s, and reactive power reference is 
introduced from 0 to 600 VAR at 0.35 s. Fig. 10 shows the 
transient response of the proposed controller for the active and 
reactive power references step changes. It is clear that, the 
converter output active and reactive power change 
instantaneously according to the reference active power and 
reactive power reference values after transient period.   
VI. EXPERIMENTAL RESULTS AND DISCUSSION 
This section presents the prototype test platform and 
experimental results of the proposed magnetic bus-based 5L-
NPC converter with the proposed FCS-MPC based control 
scheme. In this paper, a 2.5 kVA high-frequency magnetic bus 
made with core of amorphous ribbon 2605SA1 and windings 
of Litz wires (single primary and two secondary) is used to 
generate isolated and balanced dc supplies for the NPC 
converter. Approximately 1 kg amorphous ribbons (20 µm 
thick and 25 mm wide) were used to develop the core with a 
volume of 135 cm3. Litz wires were developed with 13 
isolated strands (insulated coper wire) of 0.44 mm each. The 
primary and secondary windings have 20 turns on each with a 
dc resistance of 0.033 Ω. The magnetic bus inherently ensures 
the galvanic isolation of the system. Fig. 11 shows a 
photograph of the high-frequency magnetic bus.   
 
  
Fig. 10. Simulation results of the proposed converter: (a) active and reactive 




Fig. 11.  A photograph of the developed multi-windings magnetic bus with 
amorphous alloy 2605SA1 based core and Litz wire windings. 
 
The specifications of the test platform are listed in Table II. 
A photograph of the experimental setup is shown in Fig. 12. 
ROHM Semiconductor’s N-channel SiC power MOSFET 




recovery diode HFA15PB60 are used to develop the SiC 5L-
NPC converter. The control algorithm is programmed in a 
digital signal processor TMS320F28379D. The time required 
by the different control tasks of the proposed algorithm is 
presented in Table III, which was measured by using the 
available features in the Code Composer Studio from Texas 
Instruments. A timer is programmed to acquire the voltage and 
current sensors data with a sampling frequency of 50 kHz.  
 
TABLE II 
SPECIFICATIONS OF THE EXPERIMENTAL SETUP 
Parameters  Value  Unit  
Sampling frequency 50 kHz 
Maximum switching frequency  25 kHz 
Filter capacitor  1.0 μF 
Filter inductor 5.0                           mH 
Input ac voltage  150                            V 
Grid Frequency 50                            Hz 
Main control chip  TMS320F28379D 
Voltage sensor  LV 25-P/SP5 
Current sensor LA 25-NP 
Switch (S1‒S6)  SCT3022ALGC11 















Fig. 12. A photograph of the experimental test platform. 
 
TABLE III 
TIME REQUIRED BY DIFFERENT TASKS OF THE CONTROL ALGORITHM 
Task Value Unit 
PLL Synchronization 200 ns 
MPC 720 ns 
Power controller 200 ns 
Current reference generation 29 ns 
ADCs reading  32 ns 
Gate pulses 165 ns 
 
The Keysight Oscilloscope DSOX2004A with the 
Tektronix high-voltage differential probe P5200 and current 
probe TCPA300 are used to measure the voltage and current 
of the system. The zoomed version output voltage and current 
of the converter are illustrated in Fig. 13(a). As it can be seen, 
the maximum switching frequency of the converter is 25 kHz 
with the derived FCS-MPC control algorithm. The 
performance of the proposed magnetic bus-based energy 
conversion system and the associated control technique was 
evaluated for the adopted 5L-NPC inverter where the required 
voltage balancing technique was not considered during the 
derivation of the control algorithm. Fig. 13(b) demonstrates 
the inverter output voltage and the series connected capacitor 
voltages with the cost function defined in (28) with the 
derived FCS-MPC algorithm. Capacitor voltages (𝑉𝐶1 , 𝑉𝐶2) are 
maintained around at the required voltage levels for the NPC 
inverter, and consequently, five distinct voltage levels are 
observed in the ac-side of the inverter.  
 









Fig. 13. Experimental performances of the proposed magnetic bus based 
power conversion system, (vc: 60 V/div), (vc1,: 60V/div), (vc2,: 120 V/div): (a) 
zoomed version output voltage and current of the converter, and (b) converter 
output voltage and voltage across of capacitors. 
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Fig. 14. Experimental performances of the magnetic bus: (a) gate pulses of the 
high-frequency inverter and excitation voltage and current and (b) induced 





The high-frequency magnetic bus was excited with a high-
frequency inverter circuit. The gate pulses of the inverter 
circuit and corresponding excitation voltage and current of the 
magnetic bus were measured, as shown in Fig. 14(a). The 
induced voltages in the secondary windings of the high-
frequency magnetic bus were also measured as shown in Fig. 
14(b). To assess the dynamic performance of the proposed 
system in realizing the reactive power compensation 
capability, a reference reactive power is introduced in the 
system. Fig. 15 shows the experimental voltage and line 
current of the proposed converter after line filter when the 
employed inverter achieves the expected reactive power 
reference value.   
 
Grid voltage (vg)Grid current (ig)
 
Fig. 15. Experimental voltage and line current of the proposed converter after 
line filter circuit when employed inverter is achieving the expected reactive 
power reference value, (vg: 200 V/div), (ig: 4 A/div).  
VII. CONCLUSION 
Amorphous soft magnetic materials are found suitable for 
the development of high-power density core of the high-
frequency magnetic-bus due to their excellent electromagnetic 
properties. In this paper, an amorphous alloy magnetic bus is 
proposed to generate the balanced dc supplies for the 5L-NPC 
converter for high-quality power conversion.  Compared to the 
traditional converter, the proposed efficient and high-power 
density magnetic bus-based architecture does not require any 
control technique for voltage balancing of the series connected 
capacitors of the NPC converters. Thus, it reduces the control 
complexity and the size of the boosting inductors. Moreover, 
the magnetic bus inherently provides the required galvanic 
isolation for the power conversion systems. 
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